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ERVPooled genomic DNA from 10 dogs was subjected to polymerase chain reaction with primers targeting the
retroviral pro/pol region. Sequence analysis of 120 clones obtained by PCR revealed 81 of retroviral origin.
Subsequent analysis of the dog genome (CanFam 2.0) by BLAST investigation using degenerate PCR products
and previously identiﬁed retroviral sequences permitted the identiﬁcation of additional retroviral γ and β
sequences. A phylogenetic analysis using the retroviral protease (PR) and reverse transcriptase (RT) se-
quences in the dog genome resulted in identiﬁcation of 17 γ and 7 β families. In addition, we also identiﬁed
167 spuma-like ERV elements from CanFam 2.0 based on sequence homology to murine (Mu)ERV-L and
human (H)ERV-L. Our results could contribute to the understanding of the inﬂuence of retroviruses in shaping
the genome structure and altering gene expression by providing quantitative and locational information of
ERV loci and their diversity in the dog genome.
© 2011 Elsevier Inc. All rights reserved.Introduction
Retroviruses can be broadly classiﬁed into two groups: simple
(alpha, beta, gamma and epsilon retroviruses) and complex (lenti-,
delta- and spuma-viruses). Only simple retroviruses are capable of
being endogenous in their host genome with the exception of spuma-
viruses (Weiss, 2006). Endogenous retroviruses (ERVs) integrate into
the host germ line in a Mendelian order (Gifford and Tristem, 2003).
Their typical structure consists of gag (viral core proteins), pro–pol
(viral enzymes), and env (envelope proteins) genes with long termi-
nal repeats (LTRs) at their 5′ and 3′ termini (Patience et al., 2001).
It has been proposed that ERVs co-evolved with their host genome
(Britten, 1996; McDonald, 1993) and similar retroviral sequences in
diverse species suggest cross-species transmission events (Benit etechnology, Konkuk University,
ea. Fax: +82 2 457 8488.
e2@konkuk.ac.kr (H. Choi),
m (N. Song),
(J.-W. Oh),
hun), thkim63@korea.kr
rights reserved.al., 2001). As a result, ERVs carry a signiﬁcant disposition of numerous
point mutations, deletions, and insertions over time, and thus act as
a ‘fossil record’ for understanding retroviruses and the co-evolution
of their host genome (Cofﬁn et al., 1997). Therefore, ERV-originated
sequences are sometimes difﬁcult to recognize due to severe deterio-
ration as a result of accumulated mutations.
In most cases, ERVs no longer maintain their activity, but ERV
insertions produce diverse effects on their host genome including al-
tered gene expression by causing ectopic recombination (Hughes and
Cofﬁn, 2005), premature polyadenylation (Palmarini et al., 2002), or
aberrant splicing (Maksakova et al., 2006). Therefore, the changes
in the genome caused by ERVs can result in diseases in organisms
(Maksakova et al., 2006; Ryan, 2004).
ERVs have been studied in diverse species including mammals
(Tristem, 1996; Tristem et al., 1996), chickens (Dunwiddie et al.,
1986), reptiles, amphibians, and ﬁsh (Herniou et al., 1998). In mam-
mals, detailed genome level characterizations of ERVs were carried
out in several species including humans (Lower et al., 1996), chim-
panzees (Polavarapu et al., 2006), swine (Klymiuk et al., 2002; Patience
et al., 2001), sheep (DeMartini et al., 2003; Klymiuk et al., 2003), and
cattle (Garcia-Etxebarria and Jugo, 2010; Xiao et al., 2008b). From
these studies, three classes of ERVS were reported: Class I (γ [C-type]),
Class II (β [B/D-type]), and Class III (spuma-like).
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animal (Clutton-Brock, 1995; Schwartz, 1997) and disease model
(Patterson et al., 1982; Patterson et al., 1988; Wayne and Ostrander,
1999). The current dog genome assembly, CanFam 2.0, covers 98%
of the entire canine genome with 2400 Mb of assembled sequences
(Lindblad-Toh et al., 2005), and the brief estimation of ERV sequences
in the dog genome have been attempted (Blikstad et al., 2008;
Lindblad-Toh et al., 2005). Very recently, Martínez Barrio et al. (2011)
reported a comprehensive analysis on the complexity and integration
pattern of canine endogenous retroviruses (CfERVs) using an ERV anal-
ysis program. The discovery and detailed characterization of ERVs in
the canine genome are important to improve annotation of repetitive
elements and facilitate an understanding of the role of ERVs in modiﬁ-
cation of the genome (Jern et al., 2005; Lower et al., 1996).
A limited number of ERV sequences were initially identiﬁed from
experimental approaches including the analysis of cDNA-library
clones (La Mantia et al., 1991). More recently, a degenerate polymer-
ase chain reaction (PCR) method using speciﬁc primers for the con-
served active site motifs of protease (PR) and reverse transcriptase
(RT) has been successfully employed to study diverse ERVs in the
genome (Akiyoshi et al., 1998; Klymiuk et al., 2002; Xiao et al.,
2008b).
In this study, we ﬁrst ampliﬁed the conserved pro/pol region of
canine ERVs using degenerate PCRs and analyzed the products after
cloning and sequencing. Subsequent in-silico searches of ERV se-
quences against the reference dog genome using the information
derived from the degenerate PCRs and previously reported retroviral
sequences resulted in a genome level evaluation of ERV elements
which we classiﬁed into individual ERV families on the basis of pro/
pol sequence diversity.
Results
Identiﬁcation of ERV gamma (γ) elements using degenerate PCR
Degenerative PCR using pro/pol speciﬁc primers and dog genomic
DNA and subsequent cloning generated a total of 120 candidates with
possible PR and/or RT containing sequences. Sequence analysis of the
clones revealed 86 (71.7%) with a length of 0.6 to 1.0 kb having signif-
icant sequence similarity (40–97%) to previously identiﬁed γ retrovi-
ruses (data not shown). Among clones of retroviral origin, 10 clones
of ﬁve different pairs had repetitious sequences, showing a result
similar to previous studies (Patience et al., 2001; Xiao et al., 2008b).
Therefore, we identiﬁed 81 unique sequences with retroviral origins
using degenerate PCR.
The clones (or elements in in-silico analysis) having more than
80% nucleotide sequence identity were clustered as a family into
four groups with 48, 25, 6, and 2 clones each. The most abundant
group was designated as Canis familiaris endogenous retrovirus
(CfERV) γ1, followed by γ2, γ3, and γ4. Their phylogenetic relation-
ship showed the same topology as the order of clone abundance,
thus the genetic distance between CfERV γ1 and γ4 was furthest
(Supplementary Fig. 1A). The sequence having the fewest nonsense
mutations and being most closely related to potentially infectious
ERVs was determined as the representative for each family. Phylo-
genetic analysis was performed together with previously identiﬁed
γ- and β- retroviruses. All sequences from degenerate PCR were
clustered with gammaretroviruses and no clones clustered with
betaretroviruses (Supplementary Fig. 1B).
The CfERV γ2 sequences were relatively shorter (557–594 base
pair [bp]) than others (γ1, γ3, and γ4) which ranged from 605 to
946 bp. Subsequent analysis showed that CfERV γ2 contained the PR
region but lacked most RT sequences. However, CfERV γ2 clones
should contain at least a part of the RT speciﬁc motif sequence to
be ampliﬁed by pro/pol speciﬁc primers, which was supported by
conﬁrming the presence of both PR and RT sequences in the primersite and RNaseH sequences from the sequencing results of γ2 clones
(data not shown).
In-silico analysis of dog ERVs from CanFam 2.0 detecting 176 ERV γ and
8 β elements
Basic Local Alignment Search Tool (BLAST) analysis using 81 pro/
pol sequences from degenerative PCR through a NCBI blastn suite,
BLAST Dog Sequences, identiﬁed 160 loci with ERV γ elements (Sup-
plementary Table 1). To identify β family elements, we performed
BLAST analysis in the same way using nine previously identiﬁed
betaretroviruses (TvERV, SRV, JSRV, OERV β1, OERV β2, OERV β3,
HERV-K, MPMV, PERV β5) of several species. Although we used di-
verse β retroviral sequences, we only found 8 BLAST matches from
the entire canine genome (Supplementary Table 2), indicating a lim-
ited presence of ERV β elements in the dog genome. Since ERVs are
a member of long terminal repeat (LTR) retrotransposons, we tried
to identify full-length LTR retrotransposons with both 5′ and 3′
LTRs. Although 557 putative full-length LTR retrotransposons were
identiﬁed from the LTR_STRUC (McCarthy and McDonald, 2003)
analysis, only 39 were conﬁrmed as pro/pol containing elements
(data not shown). Most sequences were retrotransposons with
LTRs at both the 5′ and 3′ ends without any signiﬁcant matches to
retroviral sequences. We also attempted to identify ERV sequences
using three reported ERV sequences of 7000 bp of Canis familiaris
origin from the Repbase (http://www.girinst.org.repbase/). We com-
bined all ERV sequences from different approaches, removed redun-
dant or severely mutated sequences including large deletions or
insertions which might cause problems in constructing a phyloge-
netic tree, and chose sequences which contained the pro/pol region
and mapped to different locations in CanFam 2.0. Finally, 173 ERV
γ and 8 β elements were identiﬁed from the current dog genome as-
sembly (Supplementary Tables 3 and 4). Each element was analyzed
for chromosomal coordinates within the genome assembly, element
sizes (bp) and length, and sequence identity between 5′ and 3′ LTRs.
The size of ERV elements was estimated by counting the number of
nucleotides between the start of the 5′ LTR and the last nucleotide of
the 3′ LTR. Thus, element length was deﬁned only for those (71.8%)
with recognizable LTR sequences at both ends.
In addition, we evaluated 407 CfERV elements reported by Martínez
Barrio et al. (2011) according to our ERV determination criteria
which were described in Materials and methods. A signiﬁcant number
of CfERV elements deﬁned by them did not meet our criteria and were
excluded from our result. Consequently, three γ elements were addi-
tionally added to PR/RT containing CfERVs, resulting in the identiﬁcation
of 176 γ and 8 β ERV elements from the dog genome (Supplementary
Tables 3 and 4).
A total of 74.4% (n=131) of ERV γ and 25% (n=2) of β elements
had two recognizable LTRs, while 4.5% (n=8) of γ elements were
solo LTR ERVs; therefore, we were not able to identify LTR sequences
from 21.0% (n=37) and 75% (n=6) of γ and β elements, respective-
ly. The average size of ERV elements was 8427 bp (range 8259 to
8594) for CfERV β and 6380 bp (3555 to 18462) for γ elements.
These results are consistent with those of previous studies from
other species (Bowen andMcDonald, 1999; Jern et al., 2005;McCarthy
and McDonald, 2004; McCarthy et al., 2002). The large variation in
size among γ elements was due to the presence of nucleotide dele-
tions and insertions within the elements. For example, the element
Der10-5 (CfERV γ10, 3979 bp) had Gag and PR but lacked RT between
5′ and 3′ LTRs (Supplementary Table 6). In contrast, we found inser-
tions of both transposase and non-annotatable nucleotide sequences
within the element Der18-7 (CfERV γ10, 14434 bp).
To estimate the total amount of ERV sequences in the dog genome,
we simply multiplied the copy numbers of β and γ elements by the
average size of element length for each genus because the exact
boundary of ERV elements with missing or solo LTRs was uncertain.
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previously known ERVs using 139 ERV-related elements without PR
or RT, which summed to approximately 2.02 Mb or 0.084% of the ca-
nine genome (Supplementary Table 5). The estimated value for all
ERV elements in the canine genome from our analysis was equal to
3.02 Mb or 0.125% of the dog genome (Supplementary Table 5).
Classiﬁcation of gammaretroviruses in the dog genome into 17 subgroups
(CfERVγ1 to γ17)
To represent all canine ERV γ elements, those identiﬁed from
degenerate PCR and in-silico analysis were combined and used for
family classiﬁcation. Based on the structural integrity of the pro/pol
region, which typically contains aspartyl PR, RT, RnaseH, and inte-
grase (Vogt, 1997), the ERV elements were divided into three groups,
depending on the presence of both PR and RT, PR only, or RT only, and
identiﬁed as the PR–RT, PR, and RT groups, respectively. Among ERV γ
elements, the PR group was most frequent (n=84), followed by PR–
RT (n=70) and RT (n=19).
The ideal way to classify the family of ERV elements is to perform
phylogenetic analysis using all available sequences together. However,
because phylogenetic analysis using sequences consisting of partially
different regions could be problematic, we classiﬁed each group sepa-
rately and treated them as different families. As a result, 173 CfERV γ
elements were classiﬁed into 17 CfERV γ families (Figs. 1 and 2).
In degenerate PCR, CfERV γ1 was the largest family group fol-
lowed by CfERV γ2 (Supplementary Fig. 1A). However, the combined
analysis of ERV elements from both degenerate PCR and in-silico anal-
ysis showed that CfERV γ10 which lacks RT sequences possessed
the largest number (n=77) of elements and CfERV γ1 which is the
PR–RT group was second (n=54). Although CfERV γ10 was the
most abundant ERVs in the dog genome (Fig. 2A), they were unde-
tectable by degenerate PCR due to the lack of the RT sequence or 3′
primer binding site, which was conﬁrmed by the in silico analysis of
CfERV γ10 elements in CanFam2.0. In addition, phylogenetic analysis
of the in-silico derived PR–RT containing elements (n=70) were clas-
siﬁed into CfERV γ1 and γ3 to γ8 families with 54, 7, 2, 1, 1, 2, and 3
elements, respectively (Supplementary Fig. 2).
CfERV γ2 consisted of 25 sequences from only degenerative PCR.
There were no ERV elements belonging to the CfERVγ2 family from
CanFam 2.0, indicating the presence of individual or breed dependent
CfERV diversity because ERV elements from degenerative PCRFig. 1. Phylogenetic analysis and family classiﬁcation of PR and RT-containing CfERV γ ele
ERVγ elements including degenerative PCR (n=4) and in-silico analysis (n=7) of CanFam 2
with elements from degenerate PCR (PJ12, PE32, PJ21, and PC9). Family names are shown in b
identiﬁed CfERV γ elements. Numbers at the branch nodes denote bootstrap values (>50) fresulted from the pooled DNA of 10 dogs, while those from CanFam
2.0 were from an individual genome of a Boxer breed dog. However,
although CfERV γ2 were classiﬁed into different families due to the
presence of partial RT sequences, they showed the closest relation-
ship in their sequence and structure with CfERV γ9 and γ10 suggest-
ing that variation at the family level was very limited.
CfERV γ9 and γ10 consisted of elements belonging to the PR group
with 7 and 77 elements each (Fig. 2A). A total of 19 ERV γ elements
belonging to the RT group were classiﬁed into CfERV γ11 to γ17
with 6, 1, 3, 1, 1, 1, and 6 elements, respectively (Fig. 2B). Interesting-
ly, all CfERV γ11 elements were present in chromosome 26 and their
chromosome coordinates were close to each other, suggesting either
recent duplication or integration events.
The average LTR length of CfERV γ1 elements was 416 bp (77 to
531) which was similar to that of other species including chickens
(200 to 350 bp; Huda et al., 2008), mice (300 to 600; McCarthy and
McDonald, 2004), drosophila (260 to 690; Bowen and McDonald,
2001), chimpanzees (300 to 900; Polavarapu et al., 2006) and cattle
BERV γ4 (469 to 470; Xiao et al., 2008a). The LTR length of other
CfERV γ families was similar to that of CfERV γ1 (Supplementary
Table 3).
Classiﬁcation of betaretrovirus in the dog genome into subgroups (CfERV
β1 to β7)
Phylogenetic analysis was carried out to determine the family
relationship among eight ERV β elements which were classiﬁed into
β1 to β7 families based on genetic distance and structural differences
(Fig. 3). CfERV β1 to β5 were the PR–RT group and β6 and β7 were
the RT group; therefore, CfERV β6 and β7 were not included in the
phylogenetic tree constructed with β elements of the PR–RT group.
Only CfERV β1 consisted of more than one sequence (Derb-31 and
Derb-32) and others were single-element families. Among eight
CfERV β elements, two had both 5′ and 3′ LTRs and thus were used
to determine the average size of CfERV β elements (8427 bp) and
LTR lengths (377 bp).
Conservation of the pro/pol speciﬁc motif sequences among CfERV elements
A total of 181 CfERV γ and β elements from in-silico analysis were
evaluated for conservation or sequence variations of PR–RT speciﬁc
motifs (Supplementary Tables 6 and 7). CfERVγ1, a member of thements. A neighbor-joining tree was constructed using 11 representative PR–RT-group
.0. Three in-silico identiﬁed elements (Der15-1, Der6-1, Der8-9) were clustered together
old letters. The four new family names (CfERV γ5 to γ8)were assigned from the in-silico
rom 1000 replicates.
CfERVγ9
CfERVγ10
CfERV γ11
CfERV γ12
CfERV γ13
CfERV γ 14
CfERV γ 15
CfERV γ 16
CfERV γ17
A
B
Fig. 2. Phylogenetic analysis and family classiﬁcation of in-silico identiﬁed CfERV γ elements belonging to the PR and the RT groups. Neighbor-joining trees were constructed with
84 PR-group CfERV elements (A) and 19 RT-group CfERV elements (B). Family names for the PR-group elements were assigned as CfERV γ9 and γ10 and for RT group as CfERV γ11
to γ17. Numbers at the branch nodes denote the bootstrap values (>50) from 1000 replicates.
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 Der32-2
 Der31-12
 Der12-10
 Der25-1
 Derx-30
 Der27-298
100
100
0.1
CfERV 1
CfERV 2
CfERV 3
CfERV 5
CfERV 4
Fig. 3. Phylogenetic analysis and family classiﬁcation using in-silico identiﬁed PR–RT-containing CfERV β elements. A neighbor-joining tree was constructed with 6 CfERV β elements.
Family names were assigned as CfERV β1 and β5. Numbers at the branch nodes denote the bootstrap values (>50) from 1000 replicates.
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and RT (LPQGFKN and YVDD) regions. All PR group elements (CfERV
γ9 and γ10) also showed conservation of the PR speciﬁc motif se-
quence, DTGA, with only slight variations. In the RT group, except
for CfERV γ17 elements which showed well conserved RT motif
sequences, LPQGFKN and YVDD, other groups including CfERV γ11
to γ16 showed relatively severe variations in the sequences. Group-
ing of gamma- and betaretroviruses was performed according to
differences in RT-speciﬁc motif sequences between them. CfERV γ
elements had LPQGF(R/K)(D/N) and YVDD motifs, while β elements
had L(P/A)QGM(A/V)N and highly variable YMDD motifs (Fig. 4B
and Supplementary Table 7), which may be the reason for ampliﬁca-
tion failure of the CfERV β elements from degenerate PCR.
Identiﬁcation of 167 spuma-like ERV elements from CanFam 2.0
The presence of spuma-like ERV (CfERV-L) in the canine genome
was brieﬂy described in supplementary data of the canine genome
project (Lindblad-Toh et al., 2005). For more detailed analysis, NCBI
BLAST analysis using two spuma-like ERV mouse and human ele-
ments, MuERV-L and HERV-L, was performed and ~738 matches in
the dog genome were identiﬁed (data not shown). Among those
matches, 167 elements were categorized into PR–RT (n=100), PR
(n=25), and RT (n=42) groups (Supplementary Table 8).
Old ERVs such as HERV-L and MALR elements have been described
as difﬁcult to classify into subgroups (Blomberg et al., 2009). Consistent
with this information,most of the elementswere not clustered and sep-
arated into single element clusters whenwe attempted to assign family
classiﬁcations to CfERV-L elements using phylogenetic analysis (data
not shown). Only two pairs of CfERV-L elements among 167 showed
>90% sequence identity between them. Therefore, we were not able
to make successful family classiﬁcations with CfERV-L elements al-
though the number was similar to that of γ elements. The averaged
pairwise sequence similarity values within each genus were 0.69,
0.49, and 0.43 for CfERV γ, -L, and β elements, respectively.
We also attempted to identify LTR sequences from CfERV-L ele-
ments using the same method which we used for identifying the
LTRs from CfERV β and γ elements. However, we were not able to
determine regions with clear characteristics of retroviral LTRs. There-
fore, to estimate the total amount of CfERV-L elements in CanFam
2.0, we simply summed the size of matched nucleotide sequences
to MuERV-L and HERV-L in CanFam 2.0. A total of 738 CfERV-L ele-
ments occupied approximately 0.042% or 1.0 Mb of the dog genome
(Supplementary Table 5).
Chromosomal distribution of ERV γ and β elements in the dog genome
Fig. 5 shows the distribution of ERVs in CanFam 2.0 for 38 dog
autosomes and chromosome X. A total of 175 ERV γ, 8 β, and 167
spuma-like (CfERV-L) elements distributed unevenly through differentchromosomes although larger chromosomes tend to have more ERVs.
The highest insertion frequency of ERVs was observed from chromo-
some X with 20 γ and 1 β element. The autosome having the highest
insertion frequency was chromosome 1 with 15 γ elements followed
by chromosome 8 with 12 γ elements. We were not able to ﬁnd any
PR- or RT-containing ERV γ and β elements from chromosomes 21
and 33. However, considering CfERV-L as well as gag or env containing
loci without PR or RT, every chromosome in the dog genome con-
tained at least a few ERV related sequences (Supplementary Tables 8).
Estimation of ERV integration time in the dog genome
The age of a provirus can be estimated from sequence comparison
between ﬂanking 5′ and 3′ LTRs of ERV sequences because both
LTRs are identical in their sequences at the time of provirus formation
and, without selective pressure, both LTRs independently accumulate
mutations over time (Dangel et al., 1995; Johnson and Cofﬁn, 1999;
Lebedev et al., 2000). The nucleotide substitution rate per year for
pseudogenes and noncoding regions in primates was calculated to be
2.3–5.0×10−9 (Johnson and Cofﬁn, 1999) and has been used to esti-
mate the retroviral integration time in mammals (Garcia-Etxebarria
and Jugo, 2010; Tonjes and Niebert, 2003; Xiao et al., 2008a). To mini-
mize outlier effects, sequence identities b75% and length difference
>5 bp between 5′ and 3′ LTRs were excluded. We estimated that the
age of CfERV γ1 (n=16) to range from 25.63 to 4.8 million years
(MY) and γ10 (n=27) from 24.85 to 2.35 MY (Table 1).
We identiﬁed a total of 132 CfERV elements with both 5′ and 3′
LTRs from the analysis of γ and β elements in CanFam 2.0. To evaluate
the age distribution of all available CfERV elements in the dog ge-
nome, we divided them into four groups depending on their 5′ and
3′ LTR sequence identity as follows: b75, 75 to b85, 85 to 95, and
>95%. The group with 85 to 95% sequence identity was the largest
(50.4%, n=66), followed by >95% (29.0%, n=38), 75 to b85%
(16.8%, n=22), and b75% (3.8%, n=5) when we used all available
ERV elements. The proviral integration time for CfERV γ elements
ranged between approximately 0.83 and 42.97 MY (Table 2).
Discussion
We attempted to identify ERV elements in the dog genome, car-
ried out subgroup classiﬁcations, and identiﬁed their characteristics
and genome distribution. We particularly focused on the ERV ele-
ments which contained pro/pol sequences regardless of other struc-
tural retrovirus elements. While our analysis procedures relying on
manual evaluation of genome BLAST analysis were labor intensive,
this enabled us to focus only on sequences with clear evidence of
ERV elements.
Several previous studies classiﬁed ERVs on the basis of full-length
characteristics (Huda et al., 2008; McCarthy et al., 2002; Polavarapu
et al., 2006). In this study, we used the retroviral PR and RT regions
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Table 1
Estimation of the retrovirus integration time to the dog genome based on long terminal
repeat (LTR) sequence divergence.
CfERV
family
No. of
ERVs
Nucleotide
divergence (D)
Substitution
rate (R) ×10−9
Approx. age (T)
(×106 years old)
Min Max
CfERV γ1 16 0.083±0.035 2.3 10.43 25.63
5 4.80 11.79
CfERV γ10 27 0.069±0.045 2.3 5.11 24.85
5 2.35 11.43
Note: CfERV γ1 and γ10 elements were the most abundant CfERV families among
protease-reverse transcriptase (PR–RT) and PR group elements, respectively. T=D/2R.
“D” indicates the nucleotide divergence between the two LTR sequences which were
estimated by the Kimura-2-parameter method using MEGA version 4. “R” indicates the
estimated average substitution rate per nucleotide per year (Johnson and Cofﬁn, 1999;
Kimura, 1980). Endogenous retroviral (ERV) elements with sequence identity b75%
and >5 base pair (bp) length difference between 5′ and 3′ LTRs were excluded from the
analysis to decrease the inﬂuence of outliers.
201H. Jo et al. / Virology 422 (2012) 195–204for subgroup classiﬁcation of retroviral sequences because PR and RT
are the most conserved regions but still contain enough sequence
diversity among different ERV families (Gifford and Tristem, 2003).
However, since our initial analysis was based on the presence of the
PR and RT sequences for identifying and characterizing ERV elements
in the dog genome, this might unintentionally lead to elimination of
ERV elements without complete PR and RT regions in our analysis.
For example, sequences containing only a partial PR–RT region, such
as RnaseH or integrase, could be excluded in our analysis. Consistent
to this, our additional searches for gag- or env-containing sequences
devoid of the PR or RT motif identiﬁed 139 elements in CanFam 2.0
which were then not suitable for the family classiﬁcation of CfERVs
(Supplementary Table 5).
To compare the structural differences of CfERV elements in the dog
genome, we analyzed their substructural elements using BLASTX
(Supplementary Fig. 3). The gag-pro-pol structure was the most fre-
quent (58.1%, n=107) among 184 CfERVs, followed by themore com-
plete gag-pro-pol-env structure (17.7%, n=32). A total of 15 CfERV γ
and 2 CfERV β elements maintained the complete retroviral structure
(9.5%, n=17) as the LTR–gag–pro–pol–env–LTR (Supplementary
Tables 3 and 4), while others included gag–pol, gag–pro, pol–env, pro
only, and pro–pol–env structures in the order of their abundance.
When we compared the abundance of genetic elements involved
in the proviral structure of ERVs, the number of pol containing CfERVs
were highest at 172, followed by gag and pro with 163 and 162,
respectively. However, the number of env-containing elements was
only 38, which was much smaller than other structural gene contain-
ing groups.Table 2
Distribution of the retrovirus integration time in the dog genome based on LTR
sequence divergence.
Sequence identity
between 5′/3′
LTRs (%)
No. of
ERVs
Nucleotide
divergence
(D)
Substitution
rate
(R) ×10−9
Approx. age (T)
(×106 years old)
Min Max
75≤xb85 3 0.181±0.017 2.3 35.58 42.97
5 16.37 19.77
85≤xb95 40 0.084±0.026 2.3 12.49 23.99
5 5.74 11.04
95≤xb100 27 0.024±0.016 2.3 1.81 8.81
5 0.83 4.05
Note: T=D/2R. “D” indicates the nucleotide divergence between the two LTR sequences
which were estimated by Kimura-2-parameter method usingMEGA version 4. “R” indicates
the estimated average substitution rate per nucleotide per year (Johnson and Cofﬁn, 1999).
ERV elements with sequence identity b75% and >5 bp of length difference between 5′ and
3′ LTRs were excluded from the analysis to decrease the inﬂuence of outliers.The dog family, Canidae, contains 34 closely related species in-
cluding the red fox which diverged within the last ~10 million years
(Lindblad-Toh et al., 2005). A close phylogenetic relationship be-
tween CfERV γ1 and the Vulpus (red fox) ERV, VuEV-MLV, with 85%
sequence identity exists, suggesting that CfERV γ1 and VuEV-MLV
might stem from the same origin (Fig. 6). This is consistent with the
proviral integration time of CFERV γ1 from 25.63 to 4.8 MY which
could precede the divergence time of dogs and red foxes from a com-
mon ancestor.
It is quite challenging to accurately deﬁne degenerated proviral
ERV sequences in mammalian gnomes. Estimations of the total
amount of ERV sequences in the genome vary signiﬁcantly even for
the same species depending on the deﬁnition of ERV elements or
analysis methods used (Blikstad et al., 2008; Lindblad-Toh et al.,
2005). The estimated value (0.125%) for all ERV elements in the
canine genome from our study was slightly lower than 0.15% from
the RetroTector analysis (Martínez Barrio et al., 2011). This discrep-
ancy may indicate the underestimation of ERVs in the canine genome
in our study or be due to our strict analysis criteria in evaluating ERV
elements. A number of sequences classiﬁed as CfERV elements from
RetroTector analysis by Martínez Barrio et al. (2011) were classiﬁed
to either LINE-1, non-LTR retrotransposon or non-ERV related sequences
in our viewand therefore excluded fromour results. As an additional dif-
ference, our analysis identiﬁed signiﬁcantly more spuma-like ERV ele-
ments (CfERV-L) in the dog genome (Supplementary Tables 5 and 8)
than the study of Martínez Barrio et al. (2011) in which they reported
only a few spuma-like ERV elements. The result of the dog genome con-
sortium (Lindblad-Toh et al., 2005) also showed that the dog genome
contains more ERV-L than other types of ERV elements.
The analysis of data from multiple individuals is likely to be more
comprehensive than the use of a single individual in representing
diverse types of ERV elements for the species. Therefore, the analysis
of ERV elements using degenerate PCR with mixed DNA from 10 dogs
in this study could also help to evaluate the individual diversity of
CfERVs although we did not address it in this study.
Conclusion
We performed the genome-level identiﬁcation and characteriza-
tion of canine ERV elements. Our results are consistent with a previ-
ous analysis which suggested that the amount of retroviral elements
in the canine genome is relatively smaller than several other species
including human, mouse, and zebraﬁsh (Blikstad et al., 2008). We
were not able to identify any CfERV elements with intact open read-
ing frames for all functional retroviral elements in CanFam 2.0. Al-
though we did not attempt to analyze the functional importance of
these elements in the canine genome, this study provides a starting
point to begin to answer such questions.
Materials and methods
Cloning of retroviral pro/pol sequences from the dog genome by
degenerate PCR
Genomic DNA was prepared from ~0.5 g tissue samples by a sim-
ple lysis method (Miller et al., 1988). An equal amount of DNA from
10 crossbred dogs was pooled as template DNA for PCR. PCR parame-
ters consisted of 2 min at 80 °C followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing at 43 °C for 30 s, extension at 74 °C for
1 min, and ﬁnally one cycle at 94 °C for 30 s, 43 °C for 3 min, and
74 °C for 10 min. Ampliﬁcations were performed in 25 μl reactions
containing 40 pmol of each primer, 200 μM dNTPs, PCR buffer
(10 mM Tris [pH8.3], 50 mM KCl, 1.5 mM MgCl2), 100 ng of genomic
DNA and 2 U of Taq polymerase (Supertherm; Roche, Mannheim,
Germany). We utilized six pairs of degenerate primers (Herniou
et al., 1998; Tristem et al., 1996) consisted of two forward primers,
Fig. 6. Phylogenetic analysis using dog ERV elements of the PR–RT group with previously identiﬁed retroviruses. The pro/pol sequences with 814–943 bp were subjected to phylo-
genetic analysis using the neighbor-joining method. GenBank accession numbers for retroviral sequences are described in Materials and methods. Numbers at the branch
nodes denote the bootstrap values (>50) from 1000 replicates. A representative sequence was used for each dog ERV family and the clone IDs are CfERVγ1 (Der15-1), CfERVγ3
(Der6-1), CfERVγ4 (Der5-9), CfERVγ5 (Der1-12), CfERVγ6 (Der1-13), CfERVγ7 (Der1-7), CfERVγ8 (Der4-4), CfERVβ1 (Derb-32), CfERVβ2 (Derb-12a), CfERVβ3 (Derb-25), CfERVβ4
(Derb-27), and CfERVβ5 (Derb-x3).
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203H. Jo et al. / Virology 422 (2012) 195–204PRO (5′-GTK TTI KTI GAY ACI GGI KC-3′) and MLV-PRO (5′-YTI KTI
GAY ACI GGI GCT SA-3′), and three reverse primers, CT (5′-AGI AGG
TCR TCI ACR TAS TG-3′), JO (5′-ATI AGI AKR TCR TCI ACR TA-3′) and
EM (5′-ATI AGI AKR TCR TCC ATR TA-3′). PCR products were gel
puriﬁed using a QIAquickTM Gel Extraction Kit (QIAGEN, Germany)
and ligated with pGEM-T Easy Vector (Promega, USA). The ligation
products were electroporated into DH10B cells (Invitrogen, USA)
using MicroPulserTM (Bio-Rad, USA). Transformed bacteria were plat-
ed onto agar containing 50 μg/ml ampicillin, 40 mg/ml X-gal, and
100 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).
Sequencing
Plasmids were isolated using a GeneAll Exprep TM Plasmid SV Kit
(GeneAll Biotechnology, Korea). Sequencing reactions were performed
using the ABI PRISM BigDyeTM Terminator Cycle Sequencing Kit
(Applied Biosystems, USA) with SP6 (5′-GAT TTA GGT GAC ACT ATA
G-3′) and T7 (5′-TAA TAC GAC TCA CTA TAG GG-3′) universal
sequencing primers in both forward and reverse directions. The full
sequences of clone inserts corresponding to the pro/pol region were
obtained by overlapping forward and reverse sequencing results.
Ambiguous sequences or unique polymorphisms were conﬁrmed by
resequencing the same clone. Sequences were adjusted by eliminating
vector and primer sequences.
In-silico identiﬁcation of canine ERV
The dog genome assembly CanFam 2.0 (Lindblad-Toh et al., 2005)
was used for the in-silico identiﬁcation of ERVs in the dog genome. A
previous study on the phylogenetic analysis of diverse RT-containing
elements showed that sequences of retroviral origin can be differen-
tiated from those of non-retroviral origin such as retrotransposons
(Xiong and Eickbush, 1990). We combined the BLAST analysis results
against the dog genome assembly from four different ERV sequence
sources; 1) 81 pro/pol sequences (557–934 bp) obtained from the
degenerative PCR, 2) three Canis lupus familiaris origin ERV sequences
(~7000 bp) from the Repbase (http://www.girinst.org.repbase/), 3)
pro/pol sequences of previously identiﬁed betaretroviruses (TvERV,
SRV, JSRV, OERV β1, OERV β2, OERV β3, HERV-K, MPMV, PERV β5)
and spuma-like ERV elements (MUERV-L and HERV-L) and 4) results
of LTR_STRUC (McCarthy and McDonald, 2003) analysis using the
canine genome. Redundant or severely mutated sequences were
removed and individual ERV candidate sequences were reiteratively
BLASTed against CanFam 2.0 until no new sequences were detected.
Our matching criteria for the NCBI BLAST analysis was either an
e-valueb10−25 or 60% nucleotide sequence identity with a minimum
of 30% coverage.
Substructural characterization of canine ERVs
For the structural characterization of candidate ERV elements
identiﬁed by the presence of pro/pol in the sequences, those corre-
sponding to 7000–10,000 bp regions from both the 5′ and 3′ ends of
the pro/pol sequences were aligned against one another using NCBI
BLAST2SEQ to evaluate the presence of LTRs. The typical features
of LTRs including the presence of di-nucleotide inverted repeat (TG-
GA) (Baillie and Wilkins, 2001; Craven et al., 1995), polyadenylation
signal, a TATA box, and a CCAAT box (Boonyaratanakornkit et al.,
2004; Harada et al., 1987) were examined. We considered a mini-
mum of 100 bp in length as possible LTR sequences. The candidate
ERV elements were also examined by NCBI BLASTx to identify se-
quences corresponding to gag, pro, pol, and env. Amino acid motifs
of the PR and RT region for each element were determined by NCBI
BLASTx and multiple sequence alignment was carried out using the
CLUSTALW2 EBI program (Chenna et al., 2003).Nomenclature of canine ERVs
Canisfamiliarisendogenous retroviruses (CfERVs) were used to name
ERVs in the dog genome. Because CfERV elements did not show signiﬁ-
cant sequence similarity to OERV, PERV, and BERV (BoERV) elements
which shared interspecies sequence similarity among ERV families, we
assigned the family names for the dog ERVs independent of previous
studies of other species. The most abundant families from gamma-
and betaretroviruses were referred to as CfERV γ1 and β1, respectively.
Phylogenetic relationships to CfERV γ1 or β1 were used to name
remaining ERV families.
Multiple sequence alignments, phylogenetic analysis, and estimation of
proviral age
The alignments of the nucleotide or amino acid sequences were
constructed using the CLUSTALW2 program (Chenna et al., 2003)
and edited using CLC Main Workbench (http://clcbio.com). Phyloge-
netic analyses were performed using MEGA4.1 (Tamura et al., 2007).
A neighbor-joining tree was built and bootstrap values were obtained
from 1000 replicates. Sequence similarity within the family was esti-
mated by pair-wise comparisons using BioEdit (Hall, 1999). Proviral
age (T) was estimated according to themethod used in previous stud-
ies (Johnson and Cofﬁn, 1999; Tonjes and Niebert, 2003).
Nucleotide sequence accession numbers
A representative sequence each for CfERV γ1, γ2, γ3, and γ4 from de-
generative PCRs were deposited to GenBank under accession numbers
HM460338, HM460339, HM460340, and HM460341, respectively.
Other GenBank accession numbers for reference sequences used in the
analysis were Jaagsiekte Sheep Retrovirus (JSRV, M80216.1), mouse
mammary tumor virus (MMTV, M15122.1), Simian type D virus 1 (SRV,
U85505.1), Trichosurus vulpecula retrovirus (TvERV, AF224725.1),
Mason-Pﬁzermonkey virus (MPMV, AAC82576.1), Ovisaries endogenous
retrovirus (OERV) β1 (AY266332.1), OERV β2 (AY193894.1), OERV β3
(AY193895.1), rabbit endogenous retrovirus (RERV, AF480925), bovine
endogenous retrovirus (BERV) β3 (DQ889607.1), porcine endogenous
retrovirus (PERV) β5(AF511115.1) and human endogenous retrovirus
(HERV-K, P10266.2) for betaretroviruses; murine leukemia related virus
strain MeEVI, (MLV-MiERV1, X99926.1), PERVγ1 (AF511088.1), gibbon
ape leukemia virus (GALV, AAA46810.1), feline leukemia virus (FELV,
M18247.1), Friend murine leukemia virus (FrMLV, AAA46477.1), Molo-
ney murine leukemia virus (MoMuLV, AF033811.1), Pan troglodytes
polyprotein 1 (PtERV1, XM_001163307.1), Olive baboon endogenous
retrovirus (BaEV, AJ507118.1), OERVγ8 (AY193908.1) andmurine leuke-
mia related virus strain VuEV (VuEV, X99935.1) for gammaretroviruses;
and MuERV-L (Y12713.1) and HERV-L (X89211.1) for spuma-like ERVs.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.10.010.
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